Stretchable circuits have the potential to enable integrating electronics in everyday objects, but also skin-like, imperceptible electronic applications. However, manufacturing stretchable electronics requires developing novel manufacturing methods and using novel materials at least as substrate. Since the elastic materials for stretchable electronics are relatively soft, using traditional manufacturing methods becomes more problematic, whereas contactless material deposition by inkjet-printing is unaffected by such material properties. This study concentrates on feasibility analysis of using inkjet printing in manufacturing of stretchable electronics. First, printing related challenges are evaluated by manufacturing test structures with inkjet-printer using silver nanoparticle ink on elastic thermoplastic polyurethane substrate and sintering structures in convection oven. Adhesion between ink and substrate, but also sheet resistance, is evaluated. A minimum sheet resistance approx. of 26 m was obtained, and peak strains of inkjet-printed conductors are found to be between 1.0 % and 1.5 %, but conductivity is observed to be almost fully reversible when strain is released.
Introduction
Flexible circuits have become a key enabling technology for dynamic and flex-to-fit applications in today's electronic devices. At the same time there has been growing interest for new manufacturing technologies which could enable costeffective, fast and environmentally friendly production of flexible circuits. Printed electronics hold a potential to provide these benefits due to printing technology's additive nature and feasibility for mass production [1] . Inkjet-printing in particular is an emerging technology which enables fast adaptation to different circuit layouts and contactless material deposition [2] .
Inkjet printing enables deposition of highly conductive tracks at relatively low temperatures with low material wastage and even on non-planar surfaces [3, 4] . Since melting of metal particles is size dependent [4] , nano-scale metal particles can be sintered together at temperatures below softening point (T g ) of many common polymers. Niittynen et al. compares different sintering methods [6] . Solution based deposition of metal conductors using for example gold nanoparticles [7] , silver nanoparticles [8] or copper nanoparticles [9] has been demonstrated on wide variety of flexible polymer substrates. When compared to conventional manufacturing methods of flexible circuits, inkjet printing involves fewer process steps and due to digital control of printing process, it is also more versatile than etching processes. Inkjet-printed conductors are typically thinner than conventional copper foils and have a somewhat porous structure, which have been shown to significantly improve performance in bending tests [10] . In addition, flexible circuit board manufactured with inkjet technology has been shown to be capable of replacing an existing flexible circuit board manufactured with conventional methods for example in a mobile phone [11, 12] . Therefore inkjet printing is a feasible alternative for manufacturing flexible electronics.
Making stretchable electronics is mainly branched in two directions, which both have their pros and cons. The first method is to use intrinsically stretchable materials, like conductive polymers or organic semiconductors, which have relatively poor electrical performance compared to conventional inorganic electronic materials. The second method is to use conventional electronic materials and make the system stretchable. This way good electrical performance is achieved, but the stretching is more challenging, since conventional semiconductors, like silicon, are hard and brittle. If rigid areas with silicon-based semiconductors are kept small enough and the interconnections between them are made stretchable, resulting system appears stretchable macroscopically. Both approaches involve using new materials, i.e. elastomers, as substrate. [13] This paper focuses on strain properties of inkjet-printed nano-particle silver conductors. The performance of inkjetprinted conductors is studied by measuring the resistance of inkjet-printed lines with increasing strain levels until conductivity is considered to be lost. These results are then compared to test samples manufactured with evaporated silver.
Printability and fabrication process
Since thermoplastic polyurethane and silicone rubber are the most researched substrate candidates for stretchable electronics, elastomers chosen for experiments are thermoplastic polyurethane (TPU) Platilon U 4201 AU from Epurex Films GmbH & Co.KG and silicone rubber NM60 from New Metals and Chemicals Ltd. with thicknesses 50 µm and 500 µm respectively. Conductive ink selected for experiments is Harima NPS-JL from Harima Chemicals Group, which is silver nanoparticle ink with mean particle size of 7 nm. This ink can be sintered at temperature as low as 120 °C, which makes it suitable for a wide range of polymer substrates. Inkjet printers used in these experiments were Dimatix DMP-2831 with 16-jet printhead producing nominal 10 pl drop volume and iTi XY MDS 2.0 with 128-jet Spectra S-class printhead producing nominal 30 pl drop volume. The initial small scale testing was started with Dimatix DMP-2831 to evaluate printability of these two ink-substrate pairs and based on these results printing process was optimized for pilot scale inkjet printer iTi XY MDS 2.0. TPU and silicone rubber were cut into rectangular approximately 150 mm x 70 mm sized samples and attached to an aluminum carrier plate with Kapton® tape to avoid substrate movement during printing.
Experiments were started by printing test patterns with Dimatix DMP-2831 on both untreated substrate films. Test patterns included straight lines with different lines widths from single pixel to ten pixels, drop matrix and large continuous areas. The substrate temperature was 60 °C, nozzle plate temperature 43 °C, jetting frequency 7 kHz and 23 V ejecting amplitude. The best printing results were achieved with resolution 1270 dpi, but on TPU printing results were inconsistent and large areas suffered from dewetting due to low surface energy as can be seen in Figure 1 . Generally, low surface energy increases the contact angle of ink on substrate and consequently reduces drop size [14] . Although this enables printing finer line widths due to small drop size, in large continuous areas it causes problems, such as partial dewetting and pinholes. On silicone rubber printed patterns suffered from wrinkling and cracking as seen in Figure 2 , but pattern geometries were very accurate. Both substrate materials were observed to warp during printing of large areas.
To enhance wetting next samples were treated by wiping substrate surface with cleanroom cloth soaked with ntetradecane and dried in convection oven at 140 °C for 15 minutes. Tetradecane was chosen since it is the principal solvent of Harima NPS-JL ink. Significant swelling was observed in both materials with exposure to n-tetradecane, but swelling faded away during drying step. In order to avoid swelling induced warping during printing process, samples were pre-stretched approximately 10% when attached to carrier plate. Since swelling increases dimensions of the substrate, sufficient tension can balance out this effect. In addition, this tension can help to balance out stresses caused by thermal expansion in subsequent sintering phase. However, it was observed that pre-stretching did not completely prevent substrate warping in printing process, but surface treatment with n-tetradecane enhanced wetting sufficiently so that continuous patterns could be printed with aforementioned printing parameters and resolution of 1270 dpi on TPU. On silicone rubber printed patterns were still wrinkled and cracked, which is probably due to higher swelling along axis perpendicular to surface. Some flooding and ink flow towards pattern centers was also observed on TPU with 1270 dpi.
Sheet resistance of printed structures was determined by printing Greek cross patterns, sintering samples in convection oven at 150 °C for 60 minutes and measuring sheet resistances with 4-point probe station and Keithley 2425 SourceMeter. Sheet resistance of patterns printed on TPU with DMP-2831 and resolution 1270 dpi was approximately 65.0 m with standard deviation of 14.7 m . Patterns printed on silicone rubber were not conductive due to cracking, and adhesion between sintered ink and substrate was observed to be insufficient. Since sheet resistance variation on TPU was quite high, new samples were printed with resolution 1016 dpi and 2 layers, which gives nominally 27% higher ink volume per surface area and more even ink distribution due to lower ink flow on surface. Sheet resistance of these samples was on average 21.5 m with standard deviation of 0.2 m . However, it was observed that with these parameters large printed areas were prone to crack formation even before sintering phase, which was presumed to be caused by thicker ink layer and higher swelling due to larger ink volume per surface area.
At this point printing process was scaled up for pilot scale inkjet printer iTi XY MDS 2.0 with Spectra S-class printhead. Printing was started with nozzle plate temperature 34 °C, substrate temperature 60 °C, printing speed 80 mm/s and jetting waveform amplitude 55 V. Resolution was 700 dpi, which is nominally close to ink volume per surface area as with DMP-2831 and resolution 1270 dpi, since droplets with Spectra S-class printhead are nominally three times larger in volume. Significant dewetting issues were seen between nozzle spacing due to different printing sequence of iTi XY MDS 2.0. Whereas with DMP-2831 printing was done with o n e n o z z l e , i T i X Y M D S 2 . 0 u s e s a l l 1 2 8 n o z z l e s a n d therefore printing sequence is different. Therefore 'stackedcoin' structure [15] , in which every droplet dries separately, was seen as a potential solution. Print image was divided into four sub-images [14] and substrate temperature was raised to 70 °C in order to increase the ink evaporation rate. Samples printed with four sub-images and 700dpi resolution showed sheet resistance of approximately 51.0 m with standard deviation 14.6 m , which is similarly diverse result as seen before with DMP-2831 and resolution 1270 dpi. Next samples with same print sequence, but higher resolution of 800 dpi, showed sheet resistance of approximately 28.2 m with standard deviation 1.9 m . This sequential printing and enhanced solvent evaporation due to higher substrate temperature also solved cracking issues caused by swelling.
Finally an image masking algorithm, similar to Koskinen et al. [12] used, was introduced to further optimize the printing process and to enable printing 'stacked-coin' structure with only one image file. This masking algorithm produced ink coverage equivalent to approx. 830 dpi and samples printed with this algorithm showed sheet resistance values approx. of 25.8 m with standard deviation of 0.8 . Sub 100 µm lines and large continuous areas were printed successfully on both substrate materials with high yield, but on silicone rubber sintered patterns wrinkled and partially delaminated when pre-stretch was released, whereas on TPU this was not seen due to thermoforming of TPU during sintering phase. Sheet resistances are summarized in Figure 3 . 
Strain testing of inkjet-printed interconnects
Dog bone shaped patterns with 61 mm length and 1 mm line width were printed with iTi XY MDS 2.0 using aforementioned image masking algorithm on TPU with Harima NPS-JL silver nanoparticle ink. Samples were sintered in convection oven at 150 °C for 60 minutes and afterwards measuring wires (30 AWG) were attached to samples' ends with isotropic conductive adhesive Creative 124-08C, which was cured in convection oven at 80 °C for 90 minutes.
Fabricated samples were attached to custom made test bench shown in Figure 4 . Attachment was done so that measurement wires were routed through the clamp fixtures and backside of contact pads was stiffened with Kapton® tape to focus strain only on printed lines. Linear movement resolution of test bench is 15 µm and resistance values are measured automatically after every step as an average of 100 repeated measurements. Strain rate was limited to maximum of 1.5 %/min to avoid shock effects caused by rapid changes in strain.
Inkjet-printed conductors were stretched until every printed line was observed to be broken. Measurement results are shown in Figure 5 . As can be seen, the achieved strains are fairly low. The highest measured peak strain was 1.50 %, but average peak strain of all samples was 1.00 % with standard deviation of 0.42 percentage point. It was observed that some of the conductors regained conductivity at some point after having lost conductivity at lower strain, i.e. conductivity was intermittent. In addition, strain-resistance curves showed notable hysteresis as strain was released after being stretched to 5 %, which means that samples regained conductivity at higher strain values as their measured peak strain at first stretch. For example the conductor, which lost conductivity at strain of 1.50 %, regained conductivity at strain of 3.18 %, but with resistance reaching up to 20 times the initial resistance. Once strain had been fully released, the average resistance of samples was 15.9 % higher than the initial value with standard deviation of 10.5 percentage points. Figure 6 shows crack formation in inkjet-printed conductors under approx. 5 % tensile strain. Crack formation is relatively scarce, when compared to microcrack formation in thin gold films [16, 17] . Formation of these cracks is assumed to cause the observed resistance hysteresis on the first strain cycle, since hysteresis was not as apparent on following strain cycles. It is presumed, that these cracks serve as strain relief and cause the lines to regain conductivity at higher strain levels than originally without cracking. For comparison, samples with same shape, but evaporated 50 nm thick layer of silver on TPU, were also manufactured and tested. The resistance of evaporated samples is approx. 33 t i m e s h i g h e r t h a n t h e r e s i s t a n c e o f p r i n t e d s a m p l e s . Measurement results of evaporated samples as a function of strain are shown in Figure 7 . The actual peak strain of these conductors could not be determined, because conductivity was lost due to rupture of TPU film at contact line of TPU and rigid conductive adhesive, which was used to attach measurement wires. Although samples with thicker inkjetprinted conductors were stretched up to 5 %, same problem did not occur, which probably due to better mechanical support offered by inkjet-printed patterns. As can be seen in Figure 7 , the evaporated samples could withstand significantly larger strain levels with smaller increase in resistance than inkjet-printed samples. Measurement results are similar as reported before by Robinson et al [16] with 50 nm thick evaporated gold films on PDMS and therefore it is probable that similar microcracking occurs also with thin silver layers.
Cyclic strain testing and time dependent recovery
Since conductivity of inkjet-printed samples was observed to be almost fully reversible after peak strain testing, it was decided to expose these samples to cyclic stretching. Measurements were performed so that samples were first stretched 5 % in test bench, strain was fully released and after 10 seconds samples' resistance was measured as an average of 100 sequential measurements. Measurement results are shown in Figure 8 . As can be seen in Figure 8 , after 250 strain cycles the resistance of samples in relaxed state was as an average of 3.93 times their initial resistance with standard deviation of 1.41. However, after testing run had ended, it was observed that resistance of samples continued to decrease, i.e. recovery was time dependent. This recovery was recorded with measurement interval of 5 seconds from one set of samples, and results are shown in Figure 9 .
As can be seen in Figure 9 , resistance of samples follows logarithmic curve over time after the strain has been released. Resistance values were considered to be stable after one hour and the average final resistance was 1.30 times the initial resistance with standard deviation of 0.19. These values are considerably lower than initially measured in cyclic strain testing, which also means that results of cyclic strain testing are highly dependent on the timeframe in which resistance is measured. The time dependent recovery is probably caused by viscoelastic nature of thermoplastic polyurethane and further research will be needed to better analyze lifetime of inkjetprinted conductors in cyclic stretching. 
Conclusions
In this paper we have demonstrated a feasible method of manufacturing highly conductive circuits on elastic substrate by utilizing inkjet printing. The main challenges in printing on elastomer substrate were identified as hydrophobic nature of elastomer surface, CTE mismatch between metal and polymer, and swelling of substrate material caused by solvent absorption. These issues were solved by introducing a moderate pre-stretch to substrate material during manufacturing process and enhancing solvent evaporation by increasing substrate temperature and modifying printing sequence with image masking algorithm. A moderate prestretch keeps substrate material under tension during manufacturing process, which helps to keep it flat and also helps to balance out the change in print pattern dimensions due to thermal expansion or solvent absorption induced swelling of substrate material. Enhanced solvent evaporation and modified printing sequence cause every printed droplet to dry before adjacent droplets are deposited, which produces a 'stacked-coin' structure and minimizes the amount absorbed solvent per surface area thereby reducing substrate swelling.
Good printing results were achieved on thermoplastic polyurethane and silicone rubber, but adhesion on silicone rubber was observed insufficient. Also wrinkling occurred in printed patterns on silicone rubber when pre-stretch was r e l e a s e d , w h e r e a s s i m i l a r w r i n k l i n g w a s n o t s e e n o n thermoplastic polyurethane, because it thermoforms during sintering phase. Image algorithm enabled printing of large areas without ink wetting problems as well as printing fine line widths in same process phase, but with slight decline in surface morphology of printed patterns due to 'stacked-coin' structure.
Measured peak strains for these inkjet-printed silver conductors on thermoplastic polyurethane were modest, averaging at 1.00 %, whereas significantly thinner evaporated silver conductors on same substrate used here for comparison showed similar strain-resistance response as evaporated gold films reported before by Robinson et al [16] . The measured peak strains of inkjet-printed conductors are comparable to results reported by Kim et al [18] with screen printed silver conductors, which gives a reason to presume that peak strain close to 10 % can be achieved with optimized planar patterning scheme. Although inkjet-printed conductors lost conductivity at relatively low strains, the conductivity was observed to be almost fully reversible and this recovery was observed to be time dependent, following a logarithmic curve, due to viscoelastic nature of substrate material.
